It is a truth (almost) universally acknowledged that conserved non-coding genomic sequences function in the cis regulation of neighbouring genes. But is this a misconception? The literature is strewn with examples of conserved non-coding sequences being able to drive reporter expression, but the extent to which such sequences are actually used endogenously in vivo is only now being rigorously explored using unbiased genome-scale approaches. Here, we review the emerging picture, examining the extent to which conserved non-coding sequences equivalently regulate gene expression in different species, or at different developmental stages, and how genomics approaches are revealing the relationship between sequence conservation and functional use of cis-regulatory elements.
Introduction
During embryonic development, gene expression must be controlled precisely both spatially and temporally. This control is brought about, in large part, by the combinatorial interaction of specific transcription factors (TFs) with cis-regulatory modules (CRMs; see Glossary, Box 1), which are usually located in non protein-coding genomic sequence (Davidson, 2006 ). An understanding of gene regulation is key if we are to understand the mechanisms by which correct expression is achieved during development, and how variations in these mechanisms drive phenotypic change. Identification of CRMs and the study of their functional makeup is therefore fundamental to developmental biology.
It is generally believed, analogous to the high conservation of coding regions relative to surrounding sequence, that functional regulatory elements will be conserved across evolution. This assumption is supported by the known association of conserved non-coding sequences with developmentally important genes, as well as the identification of conserved non-coding sequences that can drive gene expression during development (reviewed by Elgar, 2009; Vavouri and Lehner, 2009) . However, recent studies (discussed below) have provided evidence that conserved cisregulatory sequences do not always have conserved function, and functionally conserved CRMs do not always have conserved sequence. What then is the significance of these sequences? We consider this question with reference to recent pan-evolutionary and pan-developmental studies that throw some light on the relationship between conserved non-coding sequence and cis regulation during development, and suggest that conserved regulation may be a feature of the phylotypic stage.
CRM identification and function

Methods for finding and studying CRMs
In this Review, we categorize methods of CRM prediction as either 'indirect' or 'direct'. Indirect methods use genomic sequence alone to predict CRMs, for example by identifying clusters of known transcription factor binding sites (TFBSs; see Glossary, Box 1) in a single or multiple species. Alternatively -especially where there is no prior knowledge of cooperating TFBSs -multi-species genomic alignment can be used to identify conserved non-coding regions that may act as CRMs, based on the assumption that the sequence is conserved because an essential regulatory function of that sequence is under selection. Direct methods of identifying CRMs rely on techniques such as DNase hypersensitivity (see Glossary, Box 1) and immunoprecipitation of TFs and other chromatin components that are associate with regulatory DNA (ChIP; see Glossary, Box 1).
The most common method of studying CRM function is the enhancer assay, where the predicted CRM is used to drive a reporter gene in an embryo, revealing the spatiotemporal pattern of expression driven by that CRM. Testing a CRM in multiple species can also show the extent to which it drives conserved expression, something that might be expected of a CRM that is located in a conserved sequence. However, as discussed below, there is often a relatively poor correlation between sequence conservation and functional conservation. In view of this, we suggest that, at this time, direct methods represent a better method for identifying regulatory regions across the genome, although it is likely that an increased understanding of the sequence requirements for different CRMs will emerge as more are mapped and characterized this way. In turn, such mapping and characterization will inform indirect methods of detection.
CNEs are generally not related to each other at the sequence level (Glazov et al., 2005; Siepel et al., 2005; Vavouri et al., 2006) . However, a recent study has identified two elements conserved between vertebrates and invertebrates (Clarke et al., 2012) , and it is possible that more will be discovered with advances in computational tools. Interestingly, CNEs are enriched in regions around genes that encode transcriptional regulators or factors involved in embryonic development (trans-dev genes; see Glossary, Box 1) (Sandelin et al., 2004; Woolfe et al., 2005) (reviewed by Elgar, 2009 ), leading to the idea that CNEs are CRMs that control gene expression during normal embryonic development. Since this discovery, numerous studies have shown that conserved sequences can act as CRMs and drive gene expression in embryos (e.g. Nobrega et al., 2003; Johnson et al., 2004; Teng et al., 2004; Woolfe et al., 2005; Pennacchio et al., 2006; Li et al., 2010) , suggesting that these sequences may be conserved because of a consistent gene regulatory function. These observations are the basis for phylogenetic footprinting (see Glossary, Box 1) as a means to identify functional regulatory sequences. Another concept that has emerged from studies in both vertebrates and invertebrates is that of the gene regulatory block. This is a region of conserved synteny that encompasses a trans-dev target gene, associated CNEs that can regulate the target gene (often at long range), together with bystander genes that are functionally unrelated to the target gene and are not under the control of the CNEs Kikuta et al., 2007) . It is thought that these CNEs remain in synteny owing to their association with the target gene, whereas bystander genes can escape this region over time because they are not regulated by the conserved element. This is seen, for example, in teleost fish, which have undergone an additional round of genome duplication and rediploidization: the target gene and associated conserved regulatory regions are maintained after duplication, but bystander genes are lost. Thus, these analyses can be used to link CNEs to the regulated gene in a genomic block (Kikuta et al., 2007) .
Expression regulation by sequence-conserved CRMs
If CNEs act as enhancer CRMs, they should be able to drive gene expression; if they are conserved because of functional restraint, they should drive gene expression in the same domains across different species. These hypotheses can be tested by fusing the CNE to a reporter gene with a minimal promoter and assaying reporter gene expression during development. Although numerous studies have used this approach to show that, indeed, many CNEs drive specific patterns of expression (e.g. Nobrega et al., 2003; Johnson et al., 2004; Teng et al., 2004; Woolfe et al., 2005; Pennacchio et al., 2006; Li et al., 2010) , other studies also demonstrate that where conserved sequence drives expression, the expression pattern is not always conserved across multiple species, and lineage-specific changes in cis or trans regulation have occurred (e.g. Gordon and Ruvinsky, 2012) . Here, we highlight a handful of studies that illustrate the complex relationship between sequence and function.
Woolfe and colleagues identified over 1400 CNEs that are conserved between human and fugu, and tested elements clustered around sox21, pax6, hlxb9 and shh for enhancer activity in zebrafish (Woolfe et al., 2005) . In vertebrate development, zebrafish are a popular choice for reporter studies, as transgenesis assays can provide a quick, efficient and relatively inexpensive readout of expression regulation at multiple developmental time points. Of 25 fugu CNEs used to drive a GFP reporter (i.e. fugu sequences tested in zebrafish, or FZ), over 90% acted as enhancers during mid-embryogenesis. These enhancers were able to drive expression in areas associated with the known expression pattern of the nearest gene (e.g. in the nervous system for sox21), although
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Development 140 (7) (7) ectopic expression was also seen in some cases (e.g. notochord for sox21). In another study using mouse embryos, Pennacchio and colleagues identified 167 regions from the human genome that were either conserved between human and fugu, or ultraconserved between human, mouse and rat (Pennacchio et al., 2006) . Of these human CNEs, 45% drove expression in discrete anatomical structures, mostly in the nervous system, in mouse embryos at E11.5 (i.e. human sequences tested in mouse, or HM). For example, CNEs upstream of Sall1 are able to drive reporter gene expression in tissues where Sall1 expression is normally seen, including in the brain and limb.
These and other studies (e.g. Poulin et al., 2005; Shin et al., 2005) show that a CNE from one species may drive expression in another species, but this does not test whether a CNE drives conserved expression. To test this, and distinguish between any cis and/or trans changes, the same genomic region should be tested in multiple species or the same CNE from multiple species should be tested in one species (e.g. McEwen et al., 2009; Navratilova et al., 2009; Ritter et al., 2010; Sato et al., 2012) . Such studies have shown that although some CNEs drive conserved expression, not all do so. For example, Ritter and colleagues compared the sequence of 875 human CNEs that had been previously tested for expression in mouse (HM) with 151 zebrafish CNEs that had been tested for expression in zebrafish (ZZ) and found that 41 of the sequences aligned. However, when the expression patterns of the HM CNEs were compared with the expression of the ZZ CNEs, only around one-third were found to have similar patterns . When these human CNEs were then assayed for their expression in zebrafish (HZ), only four showed the same expression pattern as the cognate zebrafish CNE (ZZ), with the other nine showing a different pattern . In other words, although CRMs can be identified through sequence conservation analysis, the expression patterns they drive across species may show little conservation (Fig. 1) .
Most studies have concentrated on identifying enhancer activity of CNEs, presumably because this assay leads to an easily observable readout. However, it is possible that some CNEs with no detectable enhancer activity act instead to repress gene expression. This possibility was addressed by Royo and colleagues, who investigated CNEs from zebrafish chromosome 16 in reporter assays (Royo et al., 2011) . Thirteen CNEs that did not show enhancer activity in zebrafish transient transgenesis were then tested for their enhancer-blocking ability and three were found to display significant repressor activity (Royo et al., 2011) .
Conserved sequences may be sufficient to regulate gene expression, but are they necessary? Although this question has not been widely addressed, one study knocked out four ultraconserved regions that drive gene expression in mouse embryos. The resulting mice showed no observable phenotype, and expression of the genes linked to the conserved elements did not change significantly (Ahituv et al., 2007) , suggesting that these conserved regions are not required for the normal activity of the linked genes. However, Drosophila studies suggest that phenotypes associated with deletion of a CNE may only appear under conditions of stress because additional 'shadow' enhancers compensate at other times (Frankel et al., 2010; Perry et al., 2010) . A more recent study analysed three characterized enhancers that are conserved between human and mouse, and drive gene expression in mouse liver (Patwardhan et al., 2012) . Using random mutagenesis and highthroughput sequencing to identify nucleotides that are necessary for robust expression, the authors found that many, but not all, evolutionarily conserved nucleotide mutations affected expression, demonstrating that conserved residues are not necessarily functionally conserved with respect to gene expression (Patwardhan et al., 2012) .
Box 2. Terminology and methods for identifying conservation
Multi-species genomic alignment can be used to identify conserved non-coding regions that may act as cis-regulatory modules (CRMs). The many studies that have used sequence alignment apply a range of criteria to identify such regions. These include percentage sequence identity, size of the genomic region and evolutionary distance between species. Although the terminology used in the literature is intended to highlight the extent to which a genomic sequence is conserved, the range of criteria to which these terms are applied may be misleading. The most typically used labels are conserved non-coding elements [CNEs, 60-70% sequence identity over 100 bp (see Dermitzakis and Clark, 2002; Li et al., 2010) ]; highly conserved non-coding elements [HCNEs, 70-98% sequence identity over 30-100 bp (see Sandelin et al., 2004; Woolfe et al., 2005; Engström et al., 2007; Kikuta et al., 2007; Engström et al., 2008) ]; and ultra-conserved regions/elements [UCEs, 95-100% sequence identity over 200 bp (see Bejerano et al., 2004; Pennacchio et al., 2006) ]. Although UCEs appear to exist in the order of hundreds in vertebrate genomes, and HCNEs are of the order of tens of thousands, a common feature -regardless of identification criteria -is that they cluster around key developmental genes. The broad and overlapping criteria used to define these elements makes it problematic to use the designations applied by the authors of each paper in this review. For clarity, we therefore refer to all regions identified through sequence alignment as CNEs. There are limitations to the above-described functional assays for testing CNE activity. They may not capture all regulatory activity owing to position effects on the inserted DNA, because heterologous promoters are used in the reporter construct or because only a fraction of developmental time points are assayed, for example. Similarly, the computational method of detecting conserved sequence may miss some regions of conservation. Still, even taking these constraints into account, it is clear that the link between sequence conservation and conservation of gene regulation is inconsistent. Some CNEs can act as CRMs and regulate conserved gene expression whereas other CNEs drive different expression patterns despite highly similar sequence (e.g. Ritter et al., 2010) ; others are sufficient for gene expression regulation, but not necessary (e.g. Ahituv et al., 2007) .
Indeed, there are many important developmental genes that show little evidence for CNEs in the surrounding regulatory DNA (Fig. 2) , but that have conserved expression, regulation and function during vertebrate development (e.g. Cutty et al., 2012) . As discussed further below, it has also been shown that functional regulatory elements are very flexible and the same gene expression outcome can be brought about by a non-conserved sequence. Therefore, using sequence conservation as the only method to identify regulatory sequence risks overlooking a large part of the regulatory genome. Furthermore, although in many instances CRM sequence and gene expression may remain conserved, some changes in CRM sequence and gene regulation within and between organisms are to be expected. Such changes can account for phenotypic differences between individuals and species, and may be a substrate for evolution leading to speciation (reviewed by Wray, 2007; Wittkopp and Kalay, 2012) .
Expression regulation by non sequence-conserved CRMs
An increasing number of studies have identified enhancers (see Glossary, Box 1) that show no overt sequence conservation using usual alignment techniques, but that are able to drive reporter expression in a pattern associated with proximal genes (e.g. Fisher et al., 2006; McGaughey et al., 2009; Blow et al., 2010; Friedli et al., 2010; Chatterjee et al., 2011) .
One series of studies, which addresses in detail conserved regulation by non-conserved sequence, has investigated the wellcharacterized D. melanogaster even-skipped (eve) control regions (Ludwig and Kreitman, 1995; Ludwig et al., 1998; Ludwig et al., 2000; Hare et al., 2008b) . These studies, which compare the control of eve across multiple Drosophila species and another dipteran family, the Sepsidae, show that the eve stripe enhancers from different dipteran species drive conserved expression in D. melanogaster, despite overt sequence conservation being low over an extended sequence block. However, short conserved blocks of 20-30 bp are found in these enhancers, and these contain overlapping or adjacent TFBSs. Indeed, the different eve enhancers can be identified in different Drosophila species by searching for clusters of binding sites for the TFs known to regulate eve Hox gene clusters also contain a large number of CNEs conserved across long evolutionary distances. The number of CNEs shared by species within the same class (medaka, stickleback, fugu, Tetraodon) is greater than within the wider phylum. REVIEW Development 140 (7) expression (Hunchback, Kruppel, Bicoid, Giant, Knirps and Caudal). Overall sequence conservation is low in this case because the distribution and number of sites has changed in the different species, and base substitutions in the TFBSs have also occurred (Hare et al., 2008a; Hare et al., 2008b ; but see also Crocker and Erives, 2008) . Other comparative studies show a similar outcome -usual alignment techniques do not show conservation but closer inspection of a functionally conserved enhancer reveals known TFBSs, albeit with considerable flexibility in the sequence, spacing, orientation, organization and numbers of these sites (e.g. Romano and Wray, 2003; Oda-Ishii et al., 2005; Cameron and Davidson, 2009 ). Although seemingly less common (or perhaps less studied), it is also possible for the regulatory sequence for a specific gene present in two related species to contain entirely different TFBSs but still result in the same pattern of gene expression when tested in those organisms (e.g. Takahashi et al., 1999; Dayal et al., 2004) . For example, the brachyury gene is expressed in the notochord of ascidian embryos. The CRMs required for this expression have been characterized in both Ciona intestinalis and Halocynthia roretzi, and each CRM can drive reporter gene expression in the notochord of both species (Takahashi et al., 1999) . However, not only is there no detectable sequence conservation, but the TFBSs present are also different: the C. intestinalis CRM has sites for SuH in the activating region and an additional region that mediates negative regulation of expression, whereas the H. roretzi CRM has a T-box binding site in the activating region and no repressive sites (Takahashi et al., 1999 ). These studies show, then, that a sequence with little or no conservation, even a sequence with different TFBSs, is able to drive conserved expression across species in some situations.
Alternative methods of CRM identification
Covert conservation and lessons from multi-factorial studies
The majority of studies discussed thus far have used sequencebased approaches involving multi-species sequence alignment to identify CRMs, but, as already noted, some functionally conserved CRMs may contain clusters of TFBSs without overt sequence conservation. Thus, it may be more appropriate to search for this 'covert' conservation, i.e. the conserved proximal incidence of TFBSs regardless of the overall conservation of the region (e.g. Taher et al., 2011) . Gene regulation through individual CRMs tends to involve binding of multiple TFs, either cooperatively or independently. Assuming this binding is manifested at the sequence level, such as by the presence and consistent spacing of known TFBSs, it should be possible to identify CRMs.
Clear examples of grammatical rules (see Glossary, Box 1) that define certain enhancers do exist and could be used to identify CRMs in some instances (Senger et al., 2004; Panne, 2008) . However, such an approach requires prior knowledge of the factors that regulate a gene of interest, the sequence motifs to which those TFs bind and an appropriate genomic search space. The use of sequence to identify CRMs is further complicated because not all CRMs are defined by a detectable architecture. This complexity is illustrated in a recent study in Drosophila (Junion et al., 2012) . In this work, the authors performed chromatin immunoprecipitation (ChIP; discussed in more detail below) combined with genomic microarrays for five TFs expressed in the cardiac mesoderm, followed by sequence analysis of regions bound by these factors both individually and in combination. They found that, whereas genomic regions occupied by the individual factors were significantly enriched for the TFBS of that factor, sites occupied by multiple factors lacked TFBSs for some of those factors (Fig. 3) . Thus, a TF capable of binding DNA can be recruited to genomic locations lacking its TFBS via physical interactions with other DNA-bound TFs. Furthermore, no coherent grammar could be detected for the motifs that were present (Junion et al., 2012) . These are interesting results as they suggest that many functional CRMs may be resistant to indirect identification, owing to their liberal configuration, and that information about factors acting through CRMs may also be absent, owing to their indirect genomic contact. Indeed, the absence of detectable grammar may be the most common situation since regulatory elements emerged during the stochastic process of evolution , resulting in CRMs without an easily recognizable pattern but with consistencies such as the binding of key TFBSs.
To summarize, without a clear idea of what a CRM looks like in terms of grammar, architecture and sequence conservation, in silico prediction is currently not straightforward. A superior alternative to identify CRMs, then, could be the use of direct methods, such as DNase hypersensitivity and ChIP for histone modifications and specific TFs. This, in turn, should give us improved information on how different CRMs are assembled and therefore a better understanding of CRM grammar, where it exists.
DNase hypersensitivity and ChIP-seq -direct approaches to CRM identification
The innovation of next generation sequencing has inevitably led to the increased practicality and incidence of genome-scale approaches to study cis regulation and TF function. DNase I hypersensitive sites are associated with enhancers, promoters, silencers and insulators (see Glossary, Box 1) and therefore DNase hypersensitivity combined with deep sequencing has been used to map active regulatory regions (see Glossary, Box 1) across the genome in multiple cell lines (Gross and Garrard, 1988; Gaszner and Felsenfeld, 2006; Boyle et al., 2008; Song et al., 2011; Neph et al., 2012; Thurman et al., 2012) . Although whole-genome DNase hypersensitivity assays have yet to be applied to developing embryos, it is probable that some cell line information can be extrapolated to the regulation of embryonic genes. In a recent study, McBride and colleagues identified 50 DNase hypersensitive sites in mouse cell lines across the control region of Pax6 (McBride et al., 2011) . The majority of these are yet to be tested for function, but 11 are known enhancers and another four that were tested in this study showed enhancer activity in the embryo. Moreover, the pattern of cleavage at DNase hypersensitive sites can be used to map TF occupancy at nucleotide resolution, and de novo motif searches enable the identification of TFs that may bind and regulate that region (Neph et al., 2012) . Alternatively, genome-wide ChIP studies have related methylation and acetylation of histones to sites of active transcription and repression (Pokholok et al., 2005; Bernstein et al., 2006) , 'poised' promoters and enhancers (see Glossary, Box 1) (Creyghton et al., 2010; Rada-Iglesias et al., 2011) and also to distal enhancers (Heintzman et al., 2007) , whereas general TFs can be used to identify active promoters and enhancers (Kim et al., 2005; Heintzman et al., 2007; Visel et al., 2009 ). ChIP-seq for specific TFs allows de novo discovery of TF-binding motifs, both for the ChIPed factor and potential interacting factors. However, it is clear that TF binding alone is not always a functional event and does not necessarily directly reveal a transcriptional target gene (discussed by Farnham, 2009) . Instead, colocalization with other markers, such as histone modifications, RNA polymerase II occupancy or other cooperating TFs, has proved a successful means of identifying functional TF-binding events (e.g. Kim et al., 2005; Rada-Iglesias et al., 2011; Junion et al., 2012) . Although this combined approach might be straightforward when starting material is not limited, this is rarely the case when performing in vivo experiments in a developmental context. Functional binding of a specific TF may be inferred by other means, however, such as demonstrating that the expression level of a gene with proximal TF binding is dependent upon that factor -by integrating ChIP-seq data with RNA-seq or microarray data for loss or gain of function of the immunoprecipitated TF. This method highlights which genes with proximal TF binding require that binding for their correct regulation. A particularly relevant example of this is the approach taken by Kunarso et al., where microarray analysis of RNAi knockdown of key pluripotency TFs in human and mouse embryonic stem (ES) cells was integrated with ChIP-seq data for the same TFs (Kunarso et al., 2010) . This approach revealed that 25% of putative functional CRMs originate from species-specific transposable elements, which lead to substantial remodelling of the transcriptional circuitry of ES cells between mouse and human.
Developmental and evolutionary conservation of CRMs
Although there are plenty of studies that identify active regulatory sequences using ChIP approaches, they tend to be limited to a single biological context in a single species. Studies that comprehensively address CRM use in multiple species or in multiple contexts within one species are rare; to our knowledge, there are no published studies that do both. For these reasons, we lack a clear picture of the extent to which CRM conservation is relevant across developmental time and space, as well as across evolution. In addition, few TF ChIP-seq studies analyse the sequence of bound regions beyond identifying the binding element of the factor; the studies that do, provide the most information about conservation and cis regulation, and we discuss some of these in more detail below.
Lessons from pan-evolutionary studies
One key example of a study that tested the degree to which conserved sequences are consistently used throughout evolution involved ChIP-seq for the mesodermal TF Twist in gastrulas of six Drosophila species (He et al., 2011) . They applied an approach using liftover -a tool that identifies equivalent genomic regions between species using conserved sequences as landmarks (Kent et al., 2002) . In so doing, they could test whether TF binding consistently occurs in corresponding regions between species, regardless of whether the sequence of these regions is conserved. The authors showed that Twist generally binds the equivalent genomic locations in different species. Crucially, they also showed that sequence in these regions is not necessarily highly conserved. However, conserved binding events are highly enriched for high quality TFBSs compared with species-specific binding events, both for Twist and its known partner TFs. The mechanism for conserved binding therefore appears to be conservation of TFBSs in proximity to genes, rather than conservation of larger-scale stretches of sequences (Fig. 4) . Furthermore, the conserved binding events are significantly associated with genes that change in response to Twist loss of function. The implication of this finding is clear -ChIP-seq approaches can identify CRMs that are conserved in a manner that is functionally significant, whereas searching for CRMs by conventional genomic sequence comparison approaches would not have identified these regions.
Another study applying ChIP-seq for two different TFs (CCAAT/enhancer-binding protein α and hepatocyte nuclear factor 4 α) in the livers of five vertebrates species provides an alternative view of conservation of TF-binding events (Schmidt et al., 2010) . This work demonstrated that the majority of binding events are species specific, rather than consistently localized in conserved regions. Binding to conserved sequences in one species was rarely indicative of binding to the homologous sequence in others. These differences in binding were consistently observed between human and mouse in the livers of both species, and also in the livers of aneuploid mice harbouring human chromosome 21. Binding to the human chromosome in mouse was representative of binding to the endogenous chromosome in human, rather than binding to mouse chromosomes (Wilson et al., 2008) (Fig. 4) . The differences in binding between species are therefore unlikely to be due to non-equivalence in the assayed tissue. Similarly, Kunarso and colleagues found that whereas genes with proximal binding of OCT4 and NANOG in human and mouse ES cells were substantially similar, only ~5% of sites were homologously occupied in both species (Kunarso et al., 2010) . These studies are compelling, as they suggest that enhancer prediction or direct identification in a single species does not necessarily reveal a general mechanism of regulation for the associated gene.
In another recent study, Schmidt et al. identified the genomic binding regions of two TFs (CCAAT/enhancer binding protein α and peroxisome proliferator activated receptor γ) in human and mouse adipocytes using ChIP-seq (Schmidt et al., 2011) . Their results complement the previously mentioned studies; they too REVIEW Development 140 (7) REVIEW Development 140 (7) found that most binding events were species specific, but that liftover revealed a minority of common binding regions. These regions were characterized by co-occupancy of the two factors (and their TFBSs) and proximity to genes upregulated during adipogenesis. Conserved binding events therefore bear the hallmarks of functionality.
There are substantial differences in population genetics between Drosophila and mammals that are likely to influence the organization and complexity of CRMs. Specifically, the difference in gene number and genome size, and the intensity of purifying selection owing to population size may restrict the variation in cisregulatory mechanisms in Drosophila compared with mammals (Adams et al., 2000; Lander et al., 2001; Lynch and Conery, 2003) . In addition, the aforementioned ChIP studies focus on different classes of TF that may be subject to different restrictions in CRM evolution and use. Drosophila Twist, for example, is a master regulator of embryonic morphogenesis and may therefore exhibit less divergent binding than less critical morphogenic factors, such as those involved in mammalian adipogenesis.
The CRMs identified in these studies, although often conserved at the level of TFBSs, are not CNEs. If highly conserved sequences are capable of driving expression in multiple species but are not used to doing so, it is not clear why they are conserved. There are three possibilities: (1) that they perform a function other than the identified cis regulation; (2) that the functional analyses of these sequences are not appropriate for clarifying their cis-regulatory function; or (3) that redundancy of CRMs leads to their conservation without necessitating consistent use (Hong et al., 2008) .
A common feature of the aforementioned studies is their restriction to a static biological context, but there are many examples in developmental biology where TF binding and/or functional use of enhancers changes over time (Garber et al., 2012; Jakobsen et al., 2007; Sandmann et al., 2006; Sudou et al., 2012; Wilczyński and Furlong, 2010) . In view of this, it is possible that . Transcription factor binding across evolution is strongly correlated with incidence of specific transcription factor-binding sites, but not broader regions of conservation. Multiple studies have addressed the extent to which transcription factor (TF)-binding events are conserved across evolutionary time and the sequence characteristics associated with conserved binding. Three notable findings are depicted: (A) the genomic locations of TF binding (coloured peaks) relative to genes are conserved, but cis-regulatory module (CRM) sequence is not highly conserved beyond the presence of relatively short transcription factor-binding sites (TFBSs) (yellow stars) -these CRMs are not conserved non-coding elements (CNEs); (B) TF binding to CNEs in one species is not predictive of binding to the orthologous CNE in a related species (grey box); and (C) co-binding of TFs at highquality TFBSs (grey hexagon, green star) in close proximity to genes is most associated with regulated genes (*). Distal binding tends to consist of individual factors and is less likely to be functional. CNEs are shown as orange boxes.
CNEs are functional CRMs but are not universally used during development. A broader view would therefore be required to capture their function and trends in their use.
Lessons from pan-developmental studies
The use of conserved non-coding sequences throughout the dynamic process of development is only now being explored. In a recent study by Bogdanovic et al. (Bogdanovic et al., 2012) , the changing landscape of histone modification, which indicates enhancer use, was assayed at four stages during zebrafish embryogenesis. A distinct caveat of genomics approaches applied to whole embryos is that a heterogeneous cell population is analysed en masse. Consequently, it is difficult to deconvolute the resulting signal to reveal the precise spatial use of enhancers. Nevertheless, the authors noticed a significant increase in the degree of sequence conservation of active enhancers at the end of gastrulation. This corresponds to the onset of the controversial 'phylotypic stage' -a stage at which the phenotypic diversity within an evolutionary group is thought to be reduced (see Glossary, Box 1). Although it has not been determined whether this signal represents a property of the embryos as a whole, or specific cell populations, it may suggest that conservation of CRMs occurs to regulate expression at such a crucial stage -where stringent regulation of developmental genes is required to ensure a viable body plan. Precise regulation of gene expression under other conditions, such as in the liver of adult vertebrates, may require less precise regulation and therefore less conserved CRMs.
Although such a theory is unproven, there are two recent gene expression studies that support it. Developmental time courses of expression were performed in six Drosophila (Kalinka et al., 2010) and five Caenorhabditis species (Levin et al., 2012) , spanning around 30-40 million years of evolution -the equivalent range represented in the vertebrate liver study. Both studies identified stages of significantly less divergent gene expression corresponding to the phylotypic stage in each evolutionary group. They also observed that the most consistent expression at these stages was among key developmental genes, rather than among genes controlling more specialized non-developmental processes, such as the immune response. As previously mentioned, CNEs are more closely associated with key developmental genes. It is therefore feasible that use of highly conserved cis-regulatory sequence coincides with the tighter regulation of the expression of these genes at the phylotypic stage. Other studies have suggested that the transcriptome at the phylotypic stage is also the most ancient in terms of the evolutionary emergence of the genes expressed, both in animals and plants (Domazet-Lošo and Tautz, 2010; Quint et al., 2012) .
Conclusions and future directions
CRM identification
The numerous different approaches that have been used to identify CRMs have met with variable success but have taught us much about the makeup of CRMs, as well as posing further questions. There appear to be two distinct classes of CRM at the sequence level: those that are highly conserved and are detectable by multispecies genomic alignments; and those defined only by the presence of numerous TFBSs. The second class is particularly difficult to identify as our understanding of the make-up of such CRMs is limited. Some have a rigid and discernible grammar, characterized by consistent location and orientation of TFBSs, which aids in their identification (Papatsenko et al., 2009 ). This does not appear to be universal, however, and prior knowledge of TFBS sequences is often required to identify a functional module. Other CRMs may not contain TFBSs for all of the expected binding factors, potentially hindering their identification even where the cis-acting factors are known (Junion et al., 2012) .
Direct methods of identifying CRMs using ChIP and DNase hypersensitivity approaches allow the identification of CRMs that could not be found by sequence analysis alone (e.g. Blow et al., 2010) . However, such direct methods also have their drawbacks as they require availability of appropriate antibodies and access to sufficient amounts of appropriate material, conditions that are not always available or practical for developmental model organisms.
Whether identified directly or indirectly, appropriate characterization of a putative CRM is crucial. Assumptions regarding the properties of a CRM cannot be safely made. This is because sequence conservation is not always associated with functional conservation (e.g. Ritter et al., 2010) . Furthermore, TF binding is not always a functional transcriptional event, nor is it straightforward to correlate binding with the relevant target gene even when the binding is functional (Farnham, 2009 ). Although our ability to identify CRMs is improving all the time, the rigorous study of the regulation of any given gene is still not a trivial undertaking.
A possible function of highly conserved sequence
As highlighted above, it appears that any correlation between CNEs and cis regulation is context and stage specific. The limited available studies suggest that sequence conservation at active enhancers is stage specific (Bogdanovic et al., 2012) , as is the high correlation of orthologous gene expression (Kalinka et al., 2010; Levin et al., 2012) ; both events seem to converge during the phylotypic stage. One credible hypothesis may be that highly conserved non-coding sequence is responsible for ensuring the similarity of gene expression and body pattern within phyla at this time point. Such stringent gene regulation may not be required outside of the phylotypic stage and so highly conserved regions are less likely to be functional at other times, and less stringently conserved mechanisms are used to control gene expression. Such a model was proposed by Denis Duboule as early as 1994 (Duboule, 1994) , noting the striking requirement for stringent sequential activation of vertebrate Hox genes during the phylotypic progression. Interestingly vertebrate Hox gene clusters contain large numbers of CNEs (Fig. 2) . It is possible that CNEs reflect the need for tight regulation of a particular set of genes during a specific developmental period.
However, such a hypothesis has yet to be properly tested, and represents a considerable undertaking. In order to determine whether CNEs are associated with phylotypic gene regulation, it would be necessary to perform ChIP-seq for modified histones and general transcription factors to identify active enhancers and promoters in multiple species at multiple equivalent developmental stages. This would be carried out to compare non-phylotypic and phylotypic time points. To demonstrate a link between chromatin marks at CNEs and conserved gene expression, it would also be necessary to perform concomitant expression analyses at these stages. The hypothesis is that functional CRMs identified by ChIP-seq would show greater association with CNEs during phylotypic stages in each species, and that gene expression would also be less diverse at these time points. If this were so, it would represent a significant step forward in our understanding of transcriptional regulation and the role of conserved non-coding sequences in developmental biology.
Looking forward
As discussed in this Review, although recent studies have provided tantalizing clues about the relationship between conservation and REVIEW Development 140 (7) REVIEW Development 140 (7) cis regulation during development, we are still a long way from seeing the full picture. However, the growing number of sequenced genomes should improve our ability to identify less stringently conserved genomic regions that may be CRMs. The increased cataloguing of functionally active genomic regions through DNase I hypersensitivity and ChIP assays coupled with sequence analysis is also likely to reveal cis-regulatory grammar in more detail and will, in turn, increase the accuracy of indirect approaches of CRM identification. With these high-throughput and computational methods, and further functional expression analyses, there is realistic hope for rapid progress in our understanding of cis regulation during embryonic development and the extent to which conserved sequences drive gene expression.
